Background: Aberrant expression of p53 and its downstream gene p21 is closely related to alterations in cell cycle and cell proliferation, and is common among cancer patients. However, the underlying molecular mechanism has not been fully unravelled. ZER6 is a zinc-finger protein with two isoforms possessing different amino termini (Ntermini) in their proteins, p52-ZER6 and p71-ZER6. The biological function of ZER6 isoforms, as well as their potential involvement in tumourigenesis and the regulation of p53 remain elusive. Methods: The effect of ZER6 isoforms on p53 and p21 was determined using specific knockdown and overexpression. p52-ZER6 expression in tumours was analysed using clinical specimens, while gene modulation was used to explore p52-ZER6 roles in regulating cell proliferation and tumourigenesis. The mechanism of p52-ZER6 regulation on the p53/p21 axis was studied using molecular biology and biochemical methods. Findings: p52-ZER6 was highly expressed in tumour tissues, and was closely related with tumour progression. Mechanistically, p52-ZER6 bound to p53 through a truncated KRAB (tKRAB) domain in its N-terminus and enhanced MDM2/p53 complex integrity, leading to increased p53 ubiquitination and degradation. p52-ZER6silencing induced G 0 -G 1 phase arrest, and subsequently reduced cell proliferation and tumourigenesis. Intriguingly, this regulation on p53 was specific to p52-ZER6, whereas p71-ZER6 did not affect p53 stability, most likely due to the presence of a HUB-1 domain. Interpretation: We identified p52-ZER6 as a novel oncogene that enhances MDM2/p53 complex integrity, and might be a potential target for anti-cancer therapy.
Introduction
p53 is one of the most important tumour suppressor genes and a key determinant of genome integrity [1, 2] . p53 regulation occurs mainly at the level of protein stability, enabling its rapid accumulation and activation [3, 4] . Its homeostasis is crucial for maintaining cellular and physiological functions, including cell cycle, DNA repair, and cell death [5] . Aberrant p53 expression is closely related to various diseases: over-activated p53 induces premature aging and radiation sickness; whereas its mutation could be found in approximately 50% of cancer patients [6] [7] [8] [9] . Furthermore, p53 is frequently downregulated even in tumour patients with the wild-type gene, indicating that its altered expression is critical in carcinogenesis [10, 11] . Despite its importance, the regulatory mechanism of p53 expression has not been fully elucidated.
Aberrant p53 expression is closely related to improper cell cycle regulation, leading to uncontrolled cell proliferation in tumour cells. p21 is a downstream target of p53 that blocks cell cycle progression by binding to cyclins and cyclin-dependent kinases, whose tightly controlled expression serves to fine-tune the cell cycle [12] [13] [14] [15] . As with p53, decreased p21 expression is also found in various tumours. In an effort to unravel the p53/p21 regulatory mechanism, we previously performed a high-throughput screening for factors regulating the transcriptional activity of p21 using a small hairpin RNA (shRNA) expression vector library covering 2065 genes [11] . From those candidates, we identified a unique isoform of zinc-finger-oestrogen receptor interaction, clone 6 (ZER6, also called ZNF398), a Krüppel C2H2-type zinc-finger protein family containing six C2H2-type zincfingers, as a novel p53 regulator. ZER6 encodes two isoforms with different N-termini: p71-ZER6, whose N-terminus contains a fulllength Krüppel-associated box (KRAB) domain and a HTLV-I U5REbinding protein 1 (HUB-1) domain; and p52-ZER6, whose Nterminus contains only 30 C-terminal amino acids of the KRAB domain (hereafter named truncated KRAB or tKRAB domain) [16] . To date, the biological and pathological functions of ZER6 isoforms remain unknown.
We report herein that p52-ZER6 is up-regulated in tumour tissue, and is crucial for tumourigenesis. p52-ZER6, but not p71-ZER6, is critical for the binding of mouse double minute 2 (MDM2) to p53 through its tKRAB domain; and is crucial for MDM2-induced p53 ubiquitination and proteasomal degradation, a major regulatory pathway for p53 homeostasis [17] [18] [19] [20] . Intriguingly, p71-ZER6, another isoform of ZER6, fails to enhance p53 ubiquitination, most plausibly due to the presence of the HUB-1 domain, which suppresses the above effect of p52-ZER6. Together, these findings not only identify p52-ZER6 as a novel oncogene, but also describe, for the first time, the role of a tKRAB domain. Moreover, our study sheds new light on the mechanism regulating p53 ubiquitination and stabilisation.
Materials and methods

Vectors construction
shRNA expression vectors were constructed as described previously [21] . Briefly, target sites were predicted using the algorithm for predicting specific target sites. The oligonucleotides bringing the hairpin structure, as well as overhanging and terminator sequences were synthesized, annealed and inserted into the BspM I sites of a pcPUR+U6i cassette vector containing a U6 promoter [21] .
For p52-ZER6 and p71-ZER6 overexpression vectors (pcFLAG-p52 and pcFLAG-p71, respectively), human cDNA was obtained by reverse-transcribing total RNA extracted from HCT116 cells using the PrimeScript Reagent Kit with gDNA Eraser (Takara Bio, Dalian, China). The corresponding regions were then amplified from the cDNA using the Takara Prime STAR Max DNA Polymerase (Takara Bio), and the amplicons were cloned into the Hind III and EcoR I sites of pcFLAG [11] .
Vectors expressing MDM2, p53, and ubiquitin, (pcMDM2, pcp53, and pcUbi, respectively), vector bringing FLAG sequence (pcFLAG), as well as wild-type p21 promoter luciferase reporter vector (p21-luc) and p21 luciferase reporter vector lacking p53 binding site (p21 mutluc), were constructed as described previously [11] . For vectors expressing N terminal of p52-ZER6 (pcFLAG-p52-N), C terminal of p52-ZER6 (FLAG-p52-C), p52-ZER6 with full length KRAB domain (pcFLAG-p52 K ), p52-ZER6 with full length KRAB domain and HUB-1 domain (pcFLAG-p52 KH ), and p52-ZER6 without tKRAB domain (pcFLAG-p52 tKdel ), the fragments were amplified from pcFLAG-p71 and cloned into the Hind III and EcoR I sites of pcFLAG. For vector expressing N terminal of p52-ZER6 fragment bringing nuclear localisation signal (NLS) sequence (pcFLAG-p52-N-NLS) and NLS-fused p52-ZER6 N terminal lacking tKRAB domain (pcFLAG-p52-N-NLS tKdel ), the NLS sequence were inserted at the C terminal of the fragments. For vector expressing His-tagged ubiquitin (His-Ubi), 6 × His sequence was inserted into the Nhe I and Hind III sites of pcUbi.
For vectors expressing p52-ZER6 (pET-22b-His-p52) and N terminal of p52-ZER6 (pET-22b-His-p52-N) bringing 6 × His, the fragments were amplified from pcFLAG-p71 and cloned into the Nde I and Xho I sites of pET-22b (Novagen, Darmstadt, Germany).
Cell cultures and cell lines
HCT116 cell lines were cultured in McCoy's 5A medium (Gibco, Life Technologies, Grand Island, NY) supplemented with 10% foetal bovine serum (Biological Industries, Beit Haemek, Israel), while HepG2 and U2OS cells were cultured in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal bovine serum. HCT116 cell lines were verified using short-tandem repeat profiling method at Genetic Testing Biotechnology (Suzhou, China), while HepG2 and U2OS cells were verified using short-tandem repeat profiling method at Cell Bank, Type Culture Collection, Chinese Academy of Science (Shanghai, China). All cell lines have been routinely tested and found negative for mycoplasma contamination using Mycoplasma Detection Kit-QuickTest (Biotool, Houston, TX). Transfection was performed using Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA) according to the manufacturer's instruction.
For constructing shp52 stable cell lines, shp52-1 and shp52-2 vectors were transfected separately into HCT116 cells. The transfected cells were selected using puromycin (final concentration: 1.2 μg/ml), and stable cell lines were established from single clones. Control stable cell line was established from single clone using shCon vector.
For gene silencing experiments, cells were seeded in 6-well plate and transfected with 2 μg of indicated shRNA expression vector. Twenty-four hour later, cells were subjected to puromycin selection (final concentration: 1.2 μg/ml) to eliminate untransfected cells. mRNA and protein samples were collected 24 h after puromycin selection.
Research in context
Evidence before this study ZER6 is a zinc-finger protein that encodes two isoforms with different N-termini: p71-ZER6 and p52-ZER6. In our previous study, through a high-throughput screening for factors regulating the transcriptional activity of cell cycle regulator p21 using an shRNA expression vector library, we identified ZER6 as a candidate inhibitor of p21. However, the biological and pathological functions of ZER6 isoforms remain unknown.
Added value of this study
This study provides a first characterisation of the oncogenic functions of p52-ZER6, one of the ZER6 isoforms. p52-ZER6 possesses a truncated KRAB domain at its N-terminus, whose function has not been identified previously. We found that p52-ZER6 is highly expressed in tumour tissues, and is closely related to tumour progression. We revealed that p52-ZER6 is critical for inducing p53 degradation by enhancing MDM2/p53 complex stabilisation; furthermore, its truncated KRAB domain is essential for p53 binding. Concomitantly, p52-ZER6 silencing significantly increases p21 expression, leading to G 0 -G 1 phase arrest, and subsequently reduces cell proliferation and tumour progression. However, p71-ZER6, another splicing isoform of ZER6, does not affect MDM2/p53 axis, most likely due to the presence of a HUB-1 domain.
Implications of all the available evidence
Our study provides new insights on the regulation of the MDM2/ p53 axis and is the first report regarding the function of p52-ZER6 in tumourigenesis. Furthermore, our study suggests the potential of targeting p52-ZER6 for anti-cancer therapy.
For overexpression experiments, 5 × 10 5 cells were seeded in 6-well plate and transfected with 2 μg of indicated overexpression vector. Twenty-four hour later, mRNA and protein samples were collected and subjected for further analysis.
For double-knockdown and rescue experiments, 5 × 10 5 cells were seeded in 6-well plate and co-transfected with 1 μg of each indicated vector. Cells were subjected to puromycin selection (final concentration: 1.2 μg/ml) to eliminate untransfected cells. mRNA and protein samples were collected 24 h after puromycin selection.
For actinomycin D and cycloheximide treatment, 1 × 10 6 cells were seeded in 6-well plate and cultured for 24 h. Proteins were collected 1 h after the cells were treated with actinomycin D (final concentration: 1 μM) or cycloheximide (final concentration: 30 μg/ml) for 1 h.
For treatment with nutlin-3 (Medchem Express, Monmouth Junction, NJ), 5 × 10 5 cells were seeded in 6-well plate and cultured for 24 h, then the cells were transfected with 2 μg of indicated overexpression vectors. Six hours later, the medium was changed with medium containing nutlin-3 (final concentration: 5 μM). Proteins were collected after the cells being treated for 24 h.
Animal experiment
For the in vivo tumour study, BALB/c-nu/nu mice (male, body weight: 18-22 g, 6 weeks old) were purchased from the Third Military Medical University (Chongqing, China; Permit Number SYXK-PLA-20120031). Animal studies were approved by the Laboratory Animal Welfare and Ethics Committee of the Third Military Medical University, and carried out in the Third Military Medical University. All animal experiments conformed to the approved guidelines of Animal Care and Use Committee of Third Military Medical University. All efforts were made to minimize suffering.
Xenograft experiment was performed as previously described [22] . Briefly, BALB/c-nu/nu mice were randomly divided into three groups (n = 8), and each group was injected subcutaneously with 5 × 10 6 HCT116/shCon, HCT116/shp52-1 or HCT116/shp52-2 stable cells. The investigator was blinded to the group allocation and during the assessment.
Clinical human colon carcinoma specimens
Human colon carcinoma specimens were obtained from colon carcinoma patients undergoing surgery at Chongqing University Cancer Hospital (Chongqing, China), and stored in Biological Specimen Bank of Chongqing University Cancer Hospital. Patients did not receive chemotherapy, radiotherapy or other adjuvant therapies prior to the surgery. The specimens were snap-frozen in liquid nitrogen. Prior patient's written informed consents were obtained, and the experiments were approved by the Institutional Research Ethics Committee of Chongqing University Cancer Hospital, and conducted in accordance with Declaration of Helsinki.
Dual luciferase assay
For dual luciferase assay, 8 × 10 4 cells were seeded in 24-well plates. Twenty-four hour later, the cells were co-transfected with the indicated shRNA expression vectors, reporter vector, and the Renilla luciferase expression vector (pRL-SV40, Promega, Madison, WI) as internal control. Twenty-four hour after co-transfection, the luciferase activities were then measured with the Dual Luciferase Assay System (Promega).
RNA extraction and quantitative RT-PCR (qPCR) analysis
Total RNAs were extracted using Trizol (Invitrogen Life Technologies) according to the manufacturer's instruction. Each total RNA sample (1 μg) was reverse-transcribed into cDNA using the PrimeScript Reagent Kit with gDNA Eraser (Takara Bio), and qPCR was performed to assess the mRNA expression levels with SYBR Premix ExTaq (Takara Bio). The sequences of the primers used for qPCR were shown in Supplementary Table S1 . β-Actin was used to normalise sample amplification. The results are shown as relative to the expression level in the corresponding controls, which are assumed as 1.
Western blotting analysis
For cell culture experiments, cells were collected and lysed with RIPA lysis buffer with protease inhibitor and phosphatase inhibitor cocktail (complete cocktail; Roche Applied Science, Mannheim, Germany). Western blot was performed as described previously [23] . Briefly, equal amounts of the sample proteins were electrophoresed on sodium dodecyl sulphate polyacrylamide gel and transferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA) with 0.45 μm pore. The antibodies used are listed in Supplementary  Table S2 , and immunoblotting with anti-β-Actin antibody was conducted to ensure equal protein loading. The signals were measured using Super Signal West Femto Maximum Sensitivity Substrate detection system (Thermo Scientific, Waltham, MA). Quantification was performed using Quantity One, and the result was normalized using β-Actin.
For protein degradation assay, 1 × 10 6 cells were seeded in 3.5 cm dish. Cycloheximide was added at the final concentration of 200 μg/ ml. Protein samples were collected at indicated time points, and were subjected to western blotting analysis as described above.
Quantification of total cell number
Cells were transfected with indicated vectors, and 24 h after transfection, puromycin selection (final concentration: 1.2 μg/ml) was performed to eliminate the untransfected cells. The transfected cells were seeded into 96-well plates. The cell numbers were measured by Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) at indicated time points.
5-ethynyl-2′-deoxyuridine (EdU) incorporation assay and colony formation assay
Cells were transfected with indicated shRNA expression vectors or overexpression vector and selected using puromycin as indicated above. EdU incorporation and staining were performed using Cell-Light™ EdU Apollo®488 In Vitro Imaging Kit (RiboBio, Guangzhou, China) according to the manufacturer's instruction. Nuclei were stained with DAPI. Images were taken with DMI6000B (Leica, Heidelberg, Germany). Quantification of EdU positive and DAPI positive cells was performed using Microsystems LAS AF-TCS MP5 (Leica), and the results are shown as the percentage of EdU positive cells to DAPI positive cells.
For colony formation assay, 500 cells were cultured in a six-well plate for 10 days. Cells were then fixed with 4% paraformaldehyde and stained with methylene blue. The colonies were then counted. The investigator was blinded during the assessment.
Cell cycle analysis
Cells were transfected with indicated shRNA expression vectors as described above. Selection were performed using puromycin selection (final concentration: 1.2 μg/ml) to eliminate untransfected cells. Cells were subjected for starvation for 24 h before being incubated further for 24 h under normal condition. Cells were then harvested and stained with propidium iodide (KeyGen Biotech, Nanjing, China). The percentages of the cells in each cell cycle phase were determined by flow cytometry.
Immunoprecipitation assay
Cells were seeded in 10 cm dish (4 × 10 6 cells/dish), and transfected with total 16 μg of indicated vectors. Total protein samples were collected and lysed with RIPA lysis buffer with protease inhibitor and phosphatase inhibitor cocktail (complete cocktail, Roche Applied Science), and cleared by centrifugation at 12,000 rpm. The supernatants were incubated at 4°C for 4 h with Protein A+G Agarose beads (Beyotime Biotechnology, Shanghai, China) in the presence of indicated antibodies or IgG as control. Then, the immunoprecipitated proteins were subjected to immunoblotting analysis as described in the western blotting section.
Sequential immunoprecipitation assay
Sequential immunoprecipitation was performed as described previously [11, 24] . Briefly, HCT116 cells seeded in 10 cm dish (4 × 10 6 cells/ dish) were transfected with pcFLAG-p52, pcMDM2 and pcp53 (6 μg each) using Lipofectamine 2000 (Invitrogen Life Technologies). Total protein samples were treated as described in immunoprecipitation section, except that after immunoprecipitation with IgG or anti-FLAG antibody, the beads were washed three times and eluted by FLAG peptide solution (final concentration of 100 μg/ml) twice, and the immunoprecipitants were again immunoprecipitated with IgG or anti-MDM2 antibody. Then, the immunoprecipitants were subjected to immunoblotting analysis as described above in the western blotting section. The antibodies used were listed in Supplementary Table S2 .
His fusion proteins preparations and His pull-down assay
His-p52 and His-p52-N fusion proteins were expressed in E. coli by transforming pET-22b-His-p52 and pET-22b-His-p52-N into E. coli strain BL21. The expression of His-p52 fusion proteins were then induced using isopropyl β-D-thiogalactopyranoside (final concentration: 5 mM), and the cells were then grown for 12 h at 16°C. The E. coli were lysed and purified using Ni-NTA beads. The purified protein was then resolved using 12% SDS-PAGE for quantification and assessment of their purities.
The His-p52 proteins, GST-MDM2 or p53 were mixed with Ni-NTA beads in the binding buffer (PBS + 0.05% Tween). The mixtures were then washed with wash buffer (20 mM Tris-HCl +500 mM NaCl +5% glycerol +1 mM PMSF +20 mM imidazole) for 4 times, and the protein complexes were eluted using 1% SDS. The pulled-down proteins were subjected to western blotting analysis as described above.
In vivo ubiquitination assay
For ubiquitination assay of p53, cells were transfected with pcUbi, pcMDM2, pcp53 and indicated shRNA expression vector or overexpression vector (4 μg each). Twenty-four hour later, cells were treated with MG132 (final concentration 20 μM) for 8 h to block proteasomal degradation. Cells were lysed in RIPA buffer and immunoprecipitated using anti-p53 antibody followed by immunoblotting with an anti-ubiquitin antibody. Alternatively, cells were transfected with pcHis-Ubi, pcMDM2, pcp53 and indicated shRNA expression vector or overexpression vector (4 μg each). Cells were lysed in denaturing buffer (0.1 M Na 2 HPO 4 /NaH 2 PO 4 , 10 mM imidazole, 6 M guanidine-HCl pH 8.0) [25] . Cell lysate was pulled-down by incubation with Ni-NTA beads as described above in the His pull-down assay, followed by immunoblotting with the anti-p53 antibody.
Immunohistochemical analysis
Paraffin-embedded sections were obtained from fresh colon carcinoma and adjacent tissues or xenografted tumours at 4 μm thickness using a cryostat and subjected to immunohistochemistry. Briefly, the tissue sections were incubated with primary antibodies for 1 h. The specimens were then incubated with corresponding secondary antibodies conjugated with horse-radish peroxidase. Visualization was performed using a DAB Kit (DAKO, Beijing, China) under microscope. The nuclei were then counterstained with hematoxylin, followed by dehydration and coverslip mounting. The antibodies used were listed in Supplementary Table S2 . Images were taken using Pannoramic Midi (3DHistech, Budapest, Hungary).
In situ hybridization
For in situ hybridization, paraffin-embedded tissue sections were rehydrated and digested with protease K for 25 min at 37°C. After pre-hybridization at 37°C for 1 h, the hybridization was carried out by overnight incubation at 37°C with 8 ng/μl digoxin-conjugated probe specific for the p52-ZER6 isoform (91-113 at the 5' UTR of p52-ZER6 mRNA; TCTCG TCTTC GACCG CATCC CTC). After being washed with SSC washing buffer at 37°C, blocking was performed with bovine serum albumin (BSA) for 30 min. Specifically bound probes were detected by anti-DIG-HRP antibody (Servicebio, Wuhan, China). Nuclei were stained with hematoxylin. Images were taken using Pannoramic Midi (3DHistech).
Immunofluorescence staining
Cells were seeded in 3.5 cm culture dishes (2 × 10 5 cells per dish), fixed for 30 min at room temperature with 4% paraformaldehyde, permeabilized for 5 min with PBS containing 0.1% Triton X-100, blocked with 1% BSA for 1 h and incubated with primary antibodies for 2 h. The cells were then incubated with fluorescent-conjugated secondary antibodies for 1 h. The nuclei were stained with DAPI for 15 min. Images were taken with laser scanning confocal microscopy (Leica Microsystems-TCS SP5). The antibodies used were listed in Supplementary Table S2 .
Statistical analysis
Quantification data were analysed by One-way ANOVA conducted using SPSS Statistics v. 17.0. For bioinformatics analysis, bivariate correlation analysis (Pearson's r test) was used to examine the correlation of two variables in human specimens. Kaplan-Meier method was used to analyse the correlation between relapse-free survival and variables in survival analysis, and the numbers at risk was analysed using GraphPad Prism 5. Survival curves were analysed using the log-rank test.
Data sharing
Patient data supporting the analyses in Figs. 1a and b, 2f and S3a were accessed from the public colon carcinoma and hepatocarcinoma data sets Gene Expression Omnibus (GEO, accession numbers GSE39582, GSE42284 and GSE25097). All other data and key resources table of this study are available in http://dx.doi.org/10.17632/ zxkzw4nz68.1 (Mendeley data).
Results
ZER6 is a novel p21 regulator
Through high-throughput screening, we previously identified ZER6 as a candidate for the control of p21, a key cell cycle regulator [11] . To elucidate the role of ZER6 in tumourigenesis, we firstly performed bioinformatics analysis using the NCBI GEO Database [26] , and found a negative correlation between ZER6 and p21 expression, as well as between ZER6 level and patient survival in colon carcinoma ( Fig. 1a and b) . Furthermore, the results of qPCR and immunohistochemistry revealed that ZER6 expression was up-regulated in human colon carcinoma lesions compared to normal adjacent tissues ( Fig. 1c and d) .
p21 is a negative regulator of cell proliferation, and its expression is frequently aberrant in tumours [27, 28] . To further confirm the link between ZER6 and p21, we constructed two shRNA expression vectors targeting different sites of ZER6 and confirmed that they efficiently suppressed ZER6 expression ( Fig. S1 ). As shown in Fig. 1e , ZER6 silencing significantly enhanced p21 promoter activity and mRNA expression in human HCT116 colon carcinoma cells. Furthermore, ZER6 silencing robustly reduced HCT116 cell numbers ( Fig. 1f ) and cell proliferation as indicated by fewer EdU-positive cells (Fig. 1g) . These findings identified ZER6 as a novel regulator of p21 transcription, with a possible role in tumour cell proliferation and tumourigenesis.
p52-ZER6 is critical for tumourigenesis
The two isoforms of ZER6, p52-ZER6 and p71-ZER6, have distinct Ntermini and 5′-untranslated regions in their proteins and mRNAs, respectively (Figs. 2a and S2a) [16, 29] . To investigate how these two isoforms regulated p21, we constructed shRNA vectors specific for p52-ZER6 and p71-ZER6, and examined their effect on p21 expression. Schematic diagrams with the locations of shRNA targets and primers used for qPCR are shown in Fig. S2b and c. The specificity of shRNAs targeting p52-ZER6 and p71-ZER6 were confirmed, as shRNA against p52-ZER6 had no significant effect on p71-ZER6 mRNA and protein, and vice versa ( Fig. S2d and e ). Intriguingly, only p52-ZER6 silencing, but not p71-ZER6 silencing, significantly enhanced p21 transcriptional activity ( Fig. S2f) and expression ( Fig. 2b and c) . Similarly, p21 expression was suppressed only in HCT116 cells overexpressing p52-ZER6, whereas p71-ZER6 overexpression failed to yield any significant result ( Fig. 2d and e ).
Furthermore, analysis of the NCBI GEO Database [30, 31] revealed an inverse expression pattern between p52-ZER6 and p21 in colon carcinoma and hepatocellular carcinoma (Figs. 2f and S3a), which was further confirmed in clinical colon carcinoma tissues (Fig. 2g ). Moreover, in situ hybridisation revealed higher p52-ZER6 expression in clinical colon carcinoma tissues (Fig. 2h) , which was further confirmed by qPCR and western blot analysis ( Fig. 2i and j) . Next, we performed a xenograft experiment by transplanting HCT116/shp52-1 or HCT116/ shp52-2 stable cell lines ( Fig. S3b and c) . At the time of sacrifice (14 days post-transplantation), the size of xenografted tumours formed by control HCT116/shCon stable cell lines reached almost 2.0 cm, which corresponded to the maximum allowed by the ethics committee of the laboratory animal facility where the experiment was performed. In contrast, no obvious tumour formation could be detected in mice transplanted with HCT116/shp52 cell lines at the same time (Fig. 2k) . Indeed, only a single very small tumour was formed in one mouse from each group transplanted with HCT116/shp52-1 and HCT116/ shp52-2 cells 28 days after transplantation. Concomitantly, immunohistochemistry of tissue sections from xenografted tumours showed enhanced p53 and p21 expression in tumour initiated by p52-ZER6silenced cells (Fig. 2l ). Together, these results suggested that p52-ZER6 was crucial for colorectal tumourigenesis.
The p52-ZER6/p21 pathway regulates cell cycle and tumour cell proliferation
p21 is a master regulator of the cell cycle; thus, next, we investigated the role of p52-ZER6 in cell cycle and proliferation. p52-ZER6 silencing largely reduced total cell number and the percentage of EdUpositive cells ( Fig. 3a and b) , while its overexpression significantly induced them ( Fig. S4a and b ). Furthermore, p52-ZER6 silencing grossly increased the percentage of G 0 -G 1 cells (Fig. 3c ). Concomitantly, it down-regulated the expression of G 1 phases cyclins D1 and E (Fig. 3d) .
To elucidate the role of p21 in p52-ZER6-regulated cell proliferation, we suppressed the increase in p21 caused by p52-ZER6 silencing by knocking down both p52-ZER6 and p21 using shRNA expression vectors ( Fig. S5a and b) . Silencing of both genes significantly restored the total cell number and that of proliferative cells ( Fig. 3e and f) . Thus, p52-ZER6 silencing suppressed tumour cell proliferation by enhancing p21 expression, which was further confirmed by increased expression of cyclins D1 and E in double-knockdown cells (Fig. 3g ). Fig. 4 . p52-ZER6 suppresses p21 expression by promoting p53 ubiquitination and enhancing its instability. (a) Activities of wild-type p21-luc and p21 mut -luc in the indicated cells, as analysed by dual luciferase assay. Wild-type HCT116 cells co-transfected with shCon and p21-luc were used as control. (b) p21 mRNA (left) and protein (right) expression levels in p52-ZER6-silenced HCT116 p53null cells, as determined using qPCR and western blotting, respectively. (c) p53 protein expression level in p52-ZER6-overexpressed HCT116 cells, as analysed using western blotting. (d-e) Degradation rates of p53 in HCT116/shCon and HCT116/shp52 stable cell lines. The levels of p53 protein at the indicated time points after the addition of cycloheximide (final concentration: 200 μg/ml) were analysed using western blotting (d), and the half-life of p53 protein was determined based on the quantification of western blotting results (e). (f-i) p53 ubiquitination level in p52-ZER6-silenced (f, g) or p52-ZER6-overexpressed (h, i) HCT116 cells were analysed using anti-ubiquitin immunoblotting of cell lysates immunoprecipitated with anti-p53 antibody (f, h), or using in vivo ubiquitination assay conducted using Ni-NTA pull-down under denaturing condition followed by immunoblotting (g, i). Cells were treated with MG132 to inhibit proteasomal degradation. For inputs of immunoprecipitation assay, 40 μg of corresponding samples were loaded. Ubi, ubiquitin; IP: immunoprecipitation; IB: immunoblotting. Cells transfected with shCon or pcFLAG were used as controls. β-Actin was used for qPCR normalisation and as western blotting loading control. ⁎⁎ P b .01; NS: not significant (ANOVA).
p52-ZER6 enhances p53 ubiquitination
Given that p53 is a transcriptional activator of p21, we next analysed the activity of a wild-type p21 reporter (p21-luc) and a p21 reporter without p53 binding site (p21 mut -luc) [11] in p52-ZER6-silenced wildtype HCT116 cells. Whereas p52-ZER6 silencing robustly increased wild-type p21 activity, it failed to affect that of p21 mut -luc (Fig. 4a ). Furthermore, p52-ZER6 silencing in HCT116 p53null cells (Fig. S6a) failed to significantly affect the activity of the wild-type p21 reporter (Fig. 4a) . Concomitantly, p52-ZER6 silencing did not affect the expression levels of p21 as well as cyclin D1 and cyclin E in HCT116 p53null cells (Figs. 4b  and S6b ). Even though p21 expression could also be regulated in a p53-independent manner [32] , these results indicated that p53 was necessary for p52-ZER6-dependent regulation of p21 transcription.
Furthermore, our results showed that p52-ZER6-silencing induced p53 accumulation in HCT116 cells (Fig. 4b) ; while p52-ZER6 overexpression suppressed p53 accumulation (Fig. 4c ), suggesting a regulatory effect of p52-ZER6 on p53 expression. Given that transcriptional inhibition using actinomycin D, as well as inhibition of de novo protein synthesis using cycloheximide did not alter the effect of p52-ZER6 silencing on p53 accumulation (Fig. S6c ), we hypothesised that p52-ZER6 regulated p53 at a post-translational stage.
Ubiquitin-mediated degradation through the proteasomal pathway has been well-known as the canonical mechanism for regulating p53 protein homeostasis. Time-dependent protein degradation rate assays revealed that p52-ZER6 silencing substantially decreased the p53 degradation rate (Fig. 4d) ; concomitantly, p52-ZER6 silencing prolonged p53 protein half-life from about 15 min to about 45 min (Fig. 4e) , indicating that p52-ZER6 might be involved in p53 protein stability. Furthermore, p52-ZER6 silencing robustly suppressed p53 ubiquitination ( Fig. 4f and  g) , whereas its overexpression promoted it ( Fig. 4h and i) . Together, these results suggested that p52-ZER6 regulated the p53/p21 pathway by promoting p53 protein ubiquitination and degradation. Moreover, increase of p53 and p21 proteins was observed in p52-ZER6-silenced human HepG2 hepatocellular carcinoma and U2OS sarcoma cell lines ( Fig. S6d ), suggesting that regulation of the p53/p21 axis by p52-ZER6 might be common in cancers.
p52-ZER6 destabilises p53 by enhancing the MDM2-p53 interaction
Next, we sought to determine whether p52-ZER6 regulated p53 stability directly. We found that p52-ZER6 co-localised with p53 in the nucleus (Fig. 5a) , where p53 ubiquitination occurs [33] . Immunoprecipitation of endogenous p52-ZER6 protein using anti-p52-ZER6 antibody demonstrated the existence of a physical interaction between p52-ZER6 and p53, as well as with MDM2, an E3 ligase that promotes p53 ubiquitination (Fig. 5b) . These results were further confirmed by immunoprecipitation using anti-p53 or anti-MDM2 antibodies (Fig. 5c ). Moreover, the results were consistent with immunoprecipitation in HCT116 cells overexpressing p52-ZER6 and p53 or p52-ZER6 and MDM2 ( Fig. S7a and b ). Furthermore, through sequential immunoprecipitation using anti-FLAG and anti-MDM2 antibodies, we detected p53 in the p52-ZER6/MDM2 complex (Fig. 5d ), revealing that p52-ZER6, MDM2, and p53 could form at least a tertiary protein complex. Moreover, MDM2 silencing (Fig. S7c ) reduced the amount of p52-ZER6 co-precipitated with p53 ( Fig. 5e) ; while overexpression of p52-ZER6 in MDM2-silenced cells failed to suppress the expression of p53 and p21 (Fig. S7d) . These results indicated that MDM2 was required for the interaction between p53 and p52-ZER6, as well as for the regulation of p52-ZER6 on p53. However, MDM2 expression in p52-ZER6-silenced HCT116 cells did not show any significant changes (Fig. S7e) . The bindings between p52-ZER6, p53 and MDM2 proteins were further confirmed by in vitro analysis: a His pull-down assay clearly revealed the physical interactions between p52-ZER6, MDM2, and p53 (Fig. 5f) . Interestingly, the His pull-down assay also demonstrated that binding between p52-ZER6 and MDM2 or p53 increased robustly when all three proteins were present.
We next questioned whether p52-ZER6 affected MDM2 and p53 binding. As shown in Fig. 5g , the amount of MDM2 co-precipitated together with p53 decreased when p52-ZER6 was silenced, indicating that p52-ZER6 enhanced MDM2-induced p53 ubiquitination by strengthening the MDM2-p53 interaction. The nutlin family is a class of cis-imidazoline analogues that inhibits MDM2-p53 binding [34] . As shown in Fig. 5h and i, nutlin-3 grossly suppressed the enhanced MDM2/p53 complex integrity resulting from p52-ZER6 overexpression, concomitantly restoring p53 and p21 protein accumulation. Furthermore, these results showed that the effect of nutlin-3 on MDM2-p53 binding and p53 accumulation was much weaker in cells with high p52-ZER6 expression. We next examined the role of MDM2/p53 axis in the tumourigenesis potential of HCT116 cells overexpressing p52-ZER6. As shown in Fig. 5j and k, while overexpression of p52-ZER6 enhanced the total HCT116 cell numbers as well as the number of proliferative cells, blocking the binding between p53 and MDM2 proteins by nutlin-3 significantly suppressed this effect. Furthermore, p52-ZER6 enhanced the colony formation potential of HCT116 cells, while addition of nutlin-3 suppressed it (Fig. 5l ). Together, our results suggested that p52-ZER6 regulated p53 expression at a post-translational level by enhancing its binding to MDM2, leading to the promotion of p53 ubiquitination and proteasomal degradation, and subsequently, increased tumourigenesis potential.
tKRAB is the p52-ZER6 domain responsible for regulating the MDM2/ p53 axis
The N-terminus of p52-ZER6 consists of a tKRAB domain and a 142amino acid region, whereas its C-terminus consists of zinc-finger domains. To investigate the function of each terminus in regulating p53 accumulation, we overexpressed FLAG-conjugated p52-ZER6 N-terminal and FLAG-conjugated p52-ZER6 C-terminal regions (Fig. S8a , FLAG-p52-N and FLAG-p52-C, respectively). Surprisingly, none of them affected the levels of p53 and its downstream target p21 (Fig. 6a) . Indeed, whereas full-length p52-ZER6 and FLAG-p52-C co-localised with p53 in the nucleus (Figs. 5a and 6b) , FLAG-p52-N localised in the cytoplasm (Fig. 6b) . To induce FLAG-p52-N to enter the nucleus, we inserted a nuclear localisation signal (NLS) at the C-terminus of FLAG-p52-N (FLAG-p52-N-NLS, Figs. S8a and Fig. 6c ), and found that FLAG-p52-N-NLS Fig. 5 . p52-ZER6 enhances the integrity of MDM2/p53 protein complex. (a) Co-localisation of p52-ZER6 and p53 in HCT116 cells, as determined by immunofluorescence staining. Scale bars, 10 μm. (b-c) Physical interactions between endogenous p52-ZER6 and p53 or MDM2 proteins in HCT116 cells, as determined by anti-p53 or anti-MDM2 immunoblotting of cell lysate immunoprecipitated with anti-ZER6 antibody (b), and vice versa (c). (d) Physical interaction between p52-ZER6, MDM2 and p53 in HCT116 cells transfected with pcFLAG-p52, pcMDM2 and pcp53, as detected by sequential immunoprecipitation using anti-FLAG and anti-MDM2 antibodies consecutively. (e) Binding capacity of p52-ZER6 to p53 in MDM2silenced HCT116 cells. Cells were treated with MG132 to inhibit proteasomal degradation. Cell lysates were immunoprecipitated against anti-p53 antibody. The presence of p52-ZER6 was detected by immunoblotting. (f) Physical interactions between p52-ZER6 (His-p52), MDM2 and p53, as determined by an in vitro His pull-down assay. (g) Binding capacity of MDM2 to p53 in p52-ZER6-silenced HCT116 cells. Cells were treated with MG132 to inhibit proteasomal degradation. Cell lysates were immunoprecipitated against anti-p53 antibody. The presence of MDM2 was detected by immunoblotting. (h) Binding capacity of MDM2 to p53 in HCT116 cells overexpressing p52-ZER6 and treated with nutlin-3 (final concentration: 5 μM). Cells were treated with MG132 to inhibit proteasomal degradation. Cell lysates were immunoprecipitated against anti-p53 antibody. The presence of MDM2 was detected by immunoblotting. (i) p53 and p21 protein accumulation in HCT116 cells overexpressing p52-ZER6 and treated with nutlin-3 (final concentration: 5 μM), as examined using western blotting. (j) Total cell number of p52-ZER6-overexpressed HCT116 cells treated with nutlin-3 at the indicated time points. (k-l) Proliferation (k) and colony formation potential (l) of p52-ZER6overexpressed HCT116 cells treated with nutlin-3, as determined by the EdU incorporation assay and colony formation assay, respectively. Representative images (left) and quantification results (right) were shown. For inputs of immunoprecipitation assay and His-pull down assay, 40 μg and 40 ng of corresponding samples were loaded, respectively. IP: immunoprecipitation; IB: immunoblotting. Cells transfected with shCon or pcFLAG were used as controls. β-Actin was used as western blotting loading control. overexpression suppressed p53 and p21 accumulation (Fig. 6d ). Concomitantly, an immunoprecipitation assay revealed that only the Nterminus, but not the C-terminus of p52-ZER6 interacted physically with p53 (Fig. 6e) , and was sufficient to promote p53 ubiquitination ( Fig. 6f and g) . Furthermore, an in vitro His pull-down assay showed that the N-terminus of p52-ZER6 was sufficient for bindings to both p53 and MDM2 (Fig. 6h) .
To discern the function of each part of the N-terminus, we constructed a vector overexpressing p52-ZER6 without the tKRAB domain (FLAG-p52 tKdel , Fig. S8b ). Deletion of the tKRAB domain disrupted the physical interaction between p52-ZER6 and p53 (Fig. 6i) , while diminishing the role of p52-ZER6 in suppressing p53 and p21 proteins accumulation (Fig. 6j ). Concomitantly, overexpression of FLAG-p52 tKdel failed to induce HCT116 cell proliferation to the same extent as with full-length p52-ZER6 ( Fig. S8c and d) . This finding indicated that, while the role of a p53-independent pathway needs further investigation, our results pointed to a critical role of p53 in p52-ZER6dependent regulation of tumour proliferation.
Intriguingly, deletion of the tKRAB domain did not abolish the interaction between p52-ZER6 and MDM2 (Fig. 6k) . Indeed, MDM2 could be immunoprecipitated with the N-terminus of p52-ZER6 lacking the tKRAB domain (FLAG-p52-N-NLS tKdel , Fig. S8b ), but not with the Cterminus of p52-ZER6 ( Fig. 6l ), suggesting that the region between tKRAB and the zinc-finger domains (hereafter named MDM2-binding region, MBR) was essential for the interaction between p52-ZER6 and MDM2. These results clearly demonstrated that the N-terminus of p52-ZER6 was specifically responsible for MDM2/p53 complex integrity through bindings of tKRAB to p53 and MBR to MDM2; whereas the Cterminus was crucial for its localisation to the nucleus.
The HUB-1 domain inhibits p52-ZER6 regulation of p53
As shown in Fig. 2a , even though p71-ZER6 possessed a full-length KRAB domain, it did not affect the transcriptional activity and expression of p21 nor p53 protein accumulation (Figs. S2f, 2c, and 7a). These findings prompted us to investigate whether differences in the Ntermini were responsible for the distinct effect of p52-ZER6 and p71-ZER6 isoforms on p53.
We thus constructed overexpression vectors carrying intermediate fragments between p52-ZER6 and p71-ZER6: FLAG-conjugated p52-ZER6 with additional 29 amino acids to form a full KRAB domain (FLAG-p52 K ), or with additional 138 amino acids to form full KRAB and HUB-1 domains (FLAG-p52 KH ) (Fig. S9 ). Ubiquitination assays revealed that overexpression of p52-ZER6 and FLAG-p52 K grossly induced p53 ubiquitination and concomitantly, promoted p53 protein degradation in HCT116 cells; however, overexpression of FLAG-p52 KH as well as p71-ZER6 did not affect them ( Fig. 7b-d) . To determine the underlying mechanism, we evaluated the amount of MDM2 that interacted with p53 in HCT116 cells overexpressing Flag-p52, Flag-p52 K , Flag-p52 KH , and Flag-p71 ( Fig. 7e ). Accordingly, whereas p52-ZER6 and FLAG-p52 K increased the amount of MDM2 interacting with p53, FLAG-p52 KH and p71-ZER6 failed to exert a similar effect, suggesting that the additional amino acids found in the N-terminus of p71-ZER6 prevented enhanced MDM2/p53 complex integrity, leading to a distinct effect on p53 than with p52-ZER6.
Together, these findings point to p52-ZER6 as a novel oncogene and p53-regulating factor, which promotes p53 ubiquitination and destabilisation by enhancing the integrity of the MDM2/p53 complex (Fig. 7f ). Moreover, our results reveal the structural difference between p52-ZER6 and p71-ZER6 as a source of their functional disparity in regulating the MDM2/p53 pathway.
Discussion
Ubiquitination-induced proteasomal degradation of p53 is key for maintaining p53 protein homeostasis, whose disruption is a molecular hallmark of tumours [10] . In spite of it being known for 40 years [35, 36] , regulation of p53 has not been totally unravelled [11, 37] . Here we describe for the first time the aberrant up-regulation of an isoform of ZER6, p52-ZER6, in tumour tissue, as well as its critical role in regulating p53 protein stability, and subsequently, tumourigenesis. Conroy et al. reported that only p52-ZER6, but not p71-ZER6, bound in a ligand-dependent fashion to oestrogen receptor alpha in the presence of 17β-estradiol, leading to the inhibition of p52-ZER6 transactivational activity; and predicted that the presence of the HUB-1 domain in p71-ZER6 blocked this binding [16] . Despite prediction of genes' transcription being regulated through a ZER6-binding element [16] , no ZER6 target has been identified at present. Thus, the biological and pathological functions of ZER6 isoforms remain completely uncharacterised. Herein, we identified p52-ZER6 as a novel regulator of the MDM2/p53 pathway: p52-ZER6 binds to the MDM2/p53 complex and is crucial for its integrity, thereby enhancing p53 ubiquitination and degradation. Concomitantly, p53 accumulation is enhanced in p52-ZER6-silenced cells, leading to inhibition of cell cycle progression, cell proliferation, and subsequently, tumourigenesis. Furthermore, recent studies have shown that p53 is critical for tumour angiogenesis, metabolism, and stemness [37] [38] [39] [40] [41] . Indeed, xenograft experiments show that p52-ZER6 silencing drastically repressed tumourigenesis, indicating that p52-ZER6 might also affect other aspects of tumourigenesis, which require further investigation. Nevertheless, our study is the first to describe the function of p52-ZER6 in promoting tumour cell proliferation as well as tumourigenesis, as well as its molecular mechanism in regulating the MDM2/p53 axis.
Abnormal MDM2/p53 regulation is common in tumours [42] and is closely related to aberrant p53 expression. Indeed, while p53 gene mutation could be found in around 50% of tumour patients, p53 expression is frequently down-regulated in patient with wild-type p53 gene, reflecting the importance of altered p53 regulation in tumourigenesis. Previous studies have revealed that MDM2 self-ubiquitination affects p53 ubiquitination [11, 43] . Here we demonstrate another aspect in the MDM2-mediated regulation on p53, as p52-ZER6 binds to the MDM2/p53 complex through the N-terminal tKRAB domain and MBR, critically affecting its integrity. p52-ZER6 silencing significantly disrupts the binding between MDM2 and p53, reduces p53 ubiquitination, and consequently enhances its stability. It is noteworthy that binding of p52-ZER6 to p53 and MDM2 is strengthened when all three proteins are present, suggesting that they affect each other. Furthermore, in spite of being the core functional region of p52-ZER6, the N-terminus itself is insufficient for promoting p53 ubiquitination, as its C-terminus is indispensable for co-localising p52-ZER6 with p53 in the nucleus. On the other hand, although it functions as a nuclear localisation signal, C-terminus itself could not bind with p53 and MDM2, and thus could not regulate p53 protein stability. C-terminus of p52-ZER6 contains six and p21 protein expression levels in HCT116 cells overexpressing FLAG-p52-N-NLS, as analysed using western blotting. (e) Physical interaction between p52-ZER6 fragments and p53 in HCT116 cells transfected with FLAG-p52-N-NLS or FLAG-p52-C overexpression vectors and pcp53, as determined by immunoprecipitation. Cell lysates were immunoprecipitated against IgG or anti-p53 antibody. The presence of p52-ZER6 fragments were detected by immunoblotting with anti-FLAG antibody. (f-g) p53 ubiquitination levels in HCT116 cells overexpressing FLAG-p52-N-NLS were analysed using anti-ubiquitin immunoblotting of cell lysates immunoprecipitated with anti-p53 antibody (f), or using in vivo ubiquitination assay conducted using Ni-NTA pull-down under denaturing condition followed by immunoblotting (g). Cells were treated with MG132 to inhibit proteasomal degradation. (h) Physical interactions between the N-terminus of p52-ZER6 (His-p52-N), MDM2 and p53, as determined by an in vitro His pull-down assay. (i) Physical interaction between p53 and p52-ZER6 without tKRAB domain (FLAG-p52 tKdel ) in HCT116 cells overexpressing p53 and FLAG-p52 tKdel . Cell lysates were immunoprecipitated against anti-p53 antibody. The presence of p52-ZER6 fragments were detected by immunoblotting with anti-FLAG antibody. (j) p53 and p21 protein expression levels in HCT116 cells overexpressing FLAG-p52 tKdel , as examined using western blotting. (k) Physical interaction between MDM2 and FLAG-p52 tKdel in HCT116 cells. Cell lysates were immunoprecipitated against anti-MDM2 antibody. The presence of p52-ZER6 fragments were detected by immunoblotting with anti-FLAG antibody. (l) Physical interactions between MDM2 and FLAG-p52-C or NLS-fused N-terminal of p52-ZER6 lacking tKRAB domain (FLAG-N-p52-NLS tKdel ) in HCT116 cells. Cell lysates were immunoprecipitated against anti-MDM2 antibody. The presence of p52-ZER6 fragments was detected by immunoblotting with anti-FLAG antibody. For inputs of immunoprecipitation assay, 40 μg of corresponding samples were loaded. For input of His pull-down assay, 40 ng of corresponding sample was loaded. Ubi, ubiquitin; IP: immunoprecipitation; IB: immunoblotting. Cells transfected with pcFLAG were used as controls. β-Actin was used as western blotting loading control.
C2H2-type zinc finger domains, which could function as transcriptional factor. Indeed, while its specific target genes currently have not been reported, Conroy et al. showed that p52-ZER6 itself possesses transactivational activity [16] . Thus, besides its function in enhancing MDM2-p53 binding, it is possible that p52-ZER6 could also regulate tumourigenesis by functioning as a transcriptional regulator.
Targeting the binding between MDM2 and p53 to increase p53 accumulation in tumour cells has become an attractive strategy for cancer therapy [44] . Several compounds, including nutlins, have shown promising results as potential anti-cancer drugs by interfering with MDM2-p53 binding [44] [45] [46] . However, our results show that high expression of p52-ZER6 might reduce the ability of nutlin to interfere with MDM2-p53 binding and subsequent p53 accumulation. These results suggests that the therapeutic effect of this kind of drugs might be weaker in clinical tumour patients with high p52-ZER6 expression. Thus, the expression level of p52-ZER6 might be a potential biomarker for determining patient suitability for treatment targeting MDM2-p53 binding.
Nearly one-third of all zinc-finger proteins contain an N-terminal KRAB domain [47] . KRAB-type zinc-finger proteins are involved in various biological events [48] ; and could act as both oncogenes and tumour suppressors [49] [50] [51] [52] . They bind to co-repressor proteins and inhibit gene transcription [48, 49] , and could regulate p53 transactivational activity and attenuating its acetylation [47, 51] . However, to our knowledge, there is no reports regarding the function of tKRAB domain at present. Here we show that both p52-ZER6, which possesses tKRAB domain, as well as an artificial construct in which N-terminal amino acids of a full-length KRAB has been added to the p52-ZER6, could destabilises p53 protein. Furthermore, the tKRAB domain in p52-ZER6 is essential for destabilising p53. However, whether the tKRAB domain is sufficient for the function of other zinc-finger proteins, and whether such function is analogous to that of full-length KRAB domains remain to be determined. Furthermore, these facts raise another intriguing question: what kind of natural selection pressure led to loss of the N-terminal region of the KRAB domain while maintaining its function? Overall, our findings widen our understanding of the KRAB domain, whether it is full-length or truncated.
Intriguingly, while p52-ZER6 affects MDM2-p53 binding and enhances p53 degradation, p71-ZER6 does not significantly affect p53 accumulation, most likely due to the additional 109 amino acids homologous to the HUB-1 domain. The latter prevents p52-ZER6 from enhancing the binding between MDM2 and p53. In spite of being functionally critical for suppressing human T-cell lymphotrophic virus type I long terminal repeat-mediated expression [53, 54] , the function of proteins with the HUB-1 domain remains poorly characterised. Although a detailed investigation is needed, it is possible that the HUB-1 domain folds back and binds to the tKRAB domain, thus masking the p53 binding site. Furthermore, it is also possible that the HUB-1 domain causes p71-ZER6 to bind to other proteins, preventing it from destabilising p53. Interestingly, alteration of p71-ZER6 expression level also regulates the tumourigenesis potential, as demonstrated by its proliferative and colony formation potentials ( Fig. S10a-c) . Given that p71-ZER6 could not suppress p53 protein accumulation, this result suggests that different from that of p52-ZER6, p71-ZER6 might be involved in tumourigenesis through a p53-independent pathway.
In summary, we identify p52-ZER6 as a novel oncogene responsible for promoting tumour progression by enhancing the integrity of the MDM2/p53 complex. This leads to repression of p53 accumulation, subsequently promoting cell cycle progression and proliferation. Given the widespread importance of p53, p52-ZER6 might have a far-reaching impact, both in tumourigenesis and other physiological events. Finally, our findings provide new insights on the regulation of the MDM2/p53 axis and the function of KRAB-type domains, as well as the potential of targeting p52-ZER6 for cancer therapy.
